Abstract Background and methods Perturbations in energetic metabolism and impaired atrial contractility may play an important role in the pathogenesis of atrial fibrillation (AF). Besides, atrial stretch is commonly associated with AF. However, the atrial energetics of stretch-related AF are poorly understood. Here, we measured indicators of energy metabolism during acute stretch-related AF. PCr, adenine nucleotides, and derivatives concentrations as well as the activity of the F 0 F 1 -ATPase and Na,K-ATPase were obtained after 1 h of stretch and/or AF in isolated rabbit hearts and compared to control hearts without stretch and AF. Results After 1 h of stretch-related AF, the total adenine nucleotides' pool was significantly lower (42.2 ± 2.6 vs. 63.7 ± 8.3 lmol/g protein in control group, P \ 0.05) and the PCr/ATP ratio significantly higher (2.3 ± 0.3 vs. 1.1 ± 0.1 in control group P \ 0.05), because of ATP, ADP, and AMP decrease and PCr increase. The sum of high-energy phosphate compounds did not change. There were no significant differences in F 0 F 1 -ATPase nor Na,KATPase activity between the groups. Conclusions Results show that in this experimental model, acute stretch-related AF induces specific modifications of atrial myocytes energetics that may play a pivotal role in the perpetuation of the arrhythmia.
Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia in adults [1] . Classically, AF is associated with an impaired atrial contractility but the underlying molecular mechanisms contributing to these changes and more generally how this arrhythmia is maintained remain unclear [2] . While ionic remodeling [3] [4] [5] as well as changes in cellular and structural architecture [6] have been described, increasing evidence for a role of perturbations in energetic metabolism exists. In fact, various studies have shown modifications in energetic metabolism in both animal models [7] [8] [9] [10] [11] and humans [12] [13] [14] and after both chronic or short episodes of AF [9, 10, [12] [13] [14] . However, a variety of changes have been observed. Several works describe an increased demand in energy [7] [8] [9] 11] , while others have suggested impaired energy production or consumption [10, [12] [13] [14] . In order to clarify the atrial energetic status during AF, we investigated the consequences of acute atrial stretch on atrial myocytes energetic metabolism. This substrate is of particular interest because atrial stretch is commonly associated with AF and has been demonstrated to play a critical role in the initiation and maintenance of this arrhythmia [15] [16] [17] . Previously, some changes in atrial myocardial energetic status after the onset of fibrillation have been described in models with physiological elevation of intra-atrial pressure [7, 8, 11] . Nevertheless, an evaluation of the energetic status in an AF model with a controlled high level of intra-atrial pressure and stretch has not been investigated. We hypothesized that acute stretchrelated AF induces specific perturbations in energetic metabolism that are critical for AF maintenance. To this aim, we used a well-characterized stretch-related model of AF in the rabbit [17, 18] and evaluated the changes in atrial adenine nucleotides and phosphocreatine concentrations during stretch-induced AF in comparison to stretch alone and to control conditions without stretch and AF. Finally, we determined the activities of two ion pumps, F 0 F 1 -ATPase and Na,K-ATPase, which are known to be very sensitive to stress and tightly coupled to energetic metabolism.
Materials and methods

Experimental model of biatrial dilation
Twenty-one rabbits of either sex weighing 1.5-2 kg were used for this study. The study was approved by the ethic committee for animal investigation of the Faculty of Medicine in Marseille. The animals were sedated with an association ketamine/chlorpromazine and, after injection of 1,000 IU heparin i.v., they were killed by cervical dislocation. The thorax was opened by a midsternal incision, and the heart was rapidly removed and placed in cold perfusion fluid (0-10°C). The aorta was cannulated, and the heart was perfused at a pressure of 65 mmHg and a temperature of 37°C. The composition of the perfusion fluid was (in mM) NaCl 130, NaHCO 3 24.2, KCl 4.0, CaCl 2 2.2, MgCl 2 0.6, Na 2 HPO 4 1.2, and glucose 12. It was gassed with a mixture of 95% O 2 /5% CO 2 , resulting in a pH of 7.4. A model of biatrial dilation [19] initially described by Ravelli and Alessie [17] was used. The bi-atrial pressure was controlled as following: a Y-shaped manometer (Phymep, Paris, France) was inserted into the inferior caval vein and one of the pulmonary veins to measure biatrial pressure. Atrial pressure and degree of atrial dilatation were controlled by adjustment of the height of the outflow cannula. Intra-biatrial pressure was maintained at 15 cmH 2 O throughout the experiment. As it was shown in previous studies, easily inducible and sustained episodes of AF were obtained [17] [18] [19] at this level of pressure.
Electrophysiological measurements
Epicardial electrograms were recorded from the left midatrial free wall by a bipolar electrode. To measure atrial effective refractory periods (ERPs), an electrical stimulation was delivered with a bipolar epicardial hook electrode attached to the right atrial appendage. Stimuli of 1-ms pulse duration and twofold diastolic pacing threshold were delivered with a stimulator (Medtronic, Boulogne-Billancourt, France). Electrograms were registered using a data acquisition system (PowerLab, Phymep, Paris, France) for conversion and analysis of signals. The electrograms were filtered (bandwidth, 1-500 Hz) and amplified (gain 1000) with the aortic cannula used as an indifferent electrode. ERPs were measured at a cycle length of 250 ms with single premature stimuli interpolated every eighth basic interval. The shortest coupling interval that resulted in a propagated atrial response was considered as the ERP value.
Experimental protocol
Atrial ERPs were measured at 0 cmH 2 O and after elevating the pressure at 15 cmH 2 O. Then stretch was maintained during 1 h (stretch, n = 7) or AF was induced after delivering a burst of stimulation (20 Hz, 10 s) or else during the ERPs measurements after the premature stimulus was delivered (AF, n = 7) and sustained thereafter during 1 h. In the control group (control, n = 7) pressure was maintained at 0 cmH 2 O during 1 h (without stretch or AF). As described previously AF episodes are very sustained in this model when intra-atrial pressure is set above 10 cmH 2 O [17, 19] . After 1 h of stretch or sustained AF or control, the two atria were freeze-clamped with a Wollenberg clamp that was pre-cooled in liquid nitrogen and kept at -80°C.
Atrial metabolism measurements
Determination of adenine nucleotides and derivatives, PCr in freeze-clamped atria by ion-exchange high performance liquid chromatography After perchloric acid extraction of a portion of freezeclamped atria (left and right) (50 mg), separation of PCr, adenine nucleotides and derivatives (nucleosides and nucleobases), and NAD was performed by the ion-pairing reverse phase technique of Lazzarino et al. [20] . Results were expressed in micromoles per gram of protein as previously described [21] . Total adenine nucleotides (TAN) were calculated from the sum ATP + ADP + AMP. The sum of high-energy phosphates was the sum PCr + ATP + ADP + AMP. Atrial energetic charge (EC) was calculated from the formula (ATP + 0.5ADP)/(ATP + ADP + AMP).
Preparation of atrial mitochondrial and microsomal membranes
Small pieces (100-200 mg) of frozen right or left atria were homogenized with a polytron PT2100 (Polytron Kinematica A.G., Luzern, Switzerland) in a buffer (pH 7.4) with the following composition (mM): Na pyrophosphate 20, KCl 80, sucrose 250, Tris 20, PMSF 0.1, and EDTA 0.1. Mitochondrial membranes were obtained from two successive centrifugations (Sorvall, Evolution RC and SA 300 rotor, Kendro Scientific). After a first centrifugation at 600g for 10 min to eliminate the cells, membrane sediments at 6,800g for 15 min were harvested as a source of mitochondrial membranes. The supernatant was centrifuged for 60 min at 62,300g, and then membranes were harvested as a source of microsomal membranes. The two pellets were resuspended in a mix of Tris 20 mM and sucrose 250 mM.
Measurement of F 0 F 1 -ATPase activity F 0 F 1 -ATPase activity was measured in triplicate in mitochondrial membranes preparations using an Ultraspec 2000 spectrophotometer with a Swift software (Pharmacia, Biotech) at 37°C. Ten micrograms of the suspension of mitochondrial membranes were added to the test tube containing the following (mM): Tris acetate 33, sucrose 83, MgCl 2 10, EDTA 1, ATP 2, phosphoenolpyruvate 1.5, NADH 0.17, pyruvate kinase 3.5 IU, lactate dehydrogenase 10 IU at pH 7.2. The decrease in NADH absorbance at 340 nm (in triplicate experiments) was observed for 10 min with or without NaN 3 to inhibit F 0 F 1 -ATPase. The activity was measured from the difference between the two slopes and was expressed in micromoles of hydrolyzed ATP per minute per milligram of mitochondrial proteins.
Measurement of Na,K-ATPase activity Na,K-ATPase activity was defined at 37°C in triplicate in microsomal membranes preparations using an Ultraspec spectrophotometer as previously described [22] . Ten micrograms of the suspension of microsomal membranes were added to the test tube containing the following (mM): NaCl 100, KCl 10, MgCl 2 4, ATP 4, phosphoenolpyruvate (trisodium salt) 2, Imidazole 30, pyruvate kinase 3.5 IU, lactate dehydrogenase 5 IU, NADH 0.4 mM at pH 7.4. The decrease in NADH absorbance at 340 nm was observed with or without ouabain to inhibit Na,K-ATPase activity. Maximal Na,K-ATPase activity was defined as activity inhibited by 50 lM ouabain.
The membrane orientation has not been characterized here, since in our previous experiments this standardized membrane isolation did not produce inside out vesicles but leaky right side out vesicles in which ouabain and ATP have free access to their site of action. Similar results in Na,K-ATPase activity have been obtained for this preparation with native membrane or with detergent [23] . Furthermore to avoid the alteration of membrane protein environment, the enzymatic activity was carried out with native membranes (without detergent treatment) [24] .
Statistical analysis
Results are expressed as means ± SEM. Comparison between average values of ERPs before and after stretch was performed with a paired t-test. One-way ANOVA with Tukey post hoc test was used for comparison of metabolic measurements between the three groups. A value of P \0.05 was considered as significant.
Results
ERPs and AF inducibility
As expected in this model [17] , after elevating intra-atrial pressure, right atrial ERPs are significantly reduced from 61.2 ± 7.8 to 38.3 ± 4.9 ms (P = 0.03) (see Fig. 1a ). Consistently, sustained episodes of AF (more than 1 h) were obtained after elevating the intra-atrial pressure at 15 cmH 2 O. In Fig. 1b a representative bipolar recording after initiation of AF is presented. In previous experiments with a similar protocol [19] , we recorded the spontaneous heart rate in 30 isolated rabbit hearts before and more than 3 min after having elevated the left intra-atrial pressure to 15 cmH 2 O. We observed that the sinus rate was raised from 215 ± 6 to 252 ± 3 beats/min corresponding to a rate increase of 17 ± 1%. This increase can be explained by the activation of sinus node stretch-activated channels which are known to be responsible for an elevation of the resting membrane potential and a reduction in maximum diastolic potential as shown by Cooper et al. [25] . High-energy phosphates and related compounds Significant statistical differences among the three groups were revealed for the total adenine nucleotides pool (TAN) (ANOVA, P = 0.045) and for the ratio PCr/ATP (ANOVA, P = 0.0025). Post hoc tests show that TAN pool was significantly lower (Fig. 2a) and PCr/ATP ratio was significantly higher during AF (Fig. 2b ) compared to control, resulting both from PCr increase as well as ATP, ADP, and AMP decrease, although individual changes were not significantly different (Table 1 ). The same trend was observed in the stretch group but did not reach the level of significance. The sum of high-energy phosphate compounds ( P HEP), EC, and NAD was constant among the three groups. The concentration of the degradation products of adenine nucleotides in atrial tissues ( P nucleosides, nucleobases = adenosine, inosine, hypoxanthine, and xanthine) was very low and was not significantly different between the three groups ( Table 1 ). F 0 F 1 -ATPase activity (Fig. 3a) and Na,K-ATPase activity (Fig. 3b) There were no significant differences in F 0 F 1 -ATPase activity (ANOVA, P = 0.17) nor Na,K-ATPase activity between control, stretch, and AF (ANOVA, P = 0.32), although a trend to higher value in the stretch group was observed for Na,K-ATPase.
Discussion
Main findings
After 1 h of acute stretch-related AF, significant changes in energetic metabolism were observed; PCr/ATP ratio was increased due to both PCr increase and ATP (and the pool of TAN) decrease. Besides, the sum of high-energy phosphates, F 0 F 1 -ATPase, and Na,K-ATPase activity was not significantly altered. The same trend was observed in the stretch group but did not reach the level of significance.
AF energetics
Understanding the molecular mechanisms of energetic metabolism modulation during AF is crucial to elucidate the pathogenesis of this arrhythmia and its propensity to selfperpetuate. However, the nature of these changes remains controversial. AF has been described either as a high-energy demanding state or as an ischemic state in both animals and humans. An ischemic state has been suggested by (i) White et al. [8] demonstrating, that after 15 min of AF in a dog open chest model, a significant increase in oxygen consumption resulted in the reduction of atrial flow reserve; (ii) Ausma et al. [26] who documented a cellular structural remodeling during chronic AF similar to that occurring during chronic hibernation; (iii) Tsuboi et al. [14] who found a reduction of adenine nucleotides (associated with mitochondrial deletion) in human atria; (iv) Seppet et al. [12] who quantified an alteration of oxidative phosphorylation; and (v) Cha et al. [10] who demonstrated, in a dog model of tachypacinginduced heart failure and chronic atrial dilatation, a depletion of high-energy phosphates (ATP and PCr), reduced activities of phosphotransfer enzymes, and a decrease in the cellular energy potential. Conversely, in favor of a status of highenergy demand, Leistad et al. [11] have shown in a pig open chest model that after 15 and 25 min there was no increase in lactate levels and, subsequently, Barbey et al. [7] confirmed that after 100 min of AF, a high-demand metabolic state translated into an increased F 0 F 1 -ATPase activity. Further, Ausma et al. [9] reported that AF-induced atrial remodeling in the goat was associated with transient lowering of phosphocreatine (with no changes in adenine nucleotides or in the In an attempt to clarify the energetic status during AF, we chose to investigate specifically the consequences of acute atrial stretch that is well-known to predispose to AF [27] . To the best of our knowledge, acute atrial stretch energetics during AF have not been investigated previously. Myocardial stretch has been shown to lead to increased oxygen consumption and increased ATP synthesis in the intact, noncontracting heart [28] . In the present study stretch group shows a trend to lower nucleotides levels together with higher PCr/ATP levels, while the sum of high-energy phosphate compounds was maintained constant, and these changes became statistically significant when AF was superimposed on stretch. Interestingly, lower adenine nucleotide levels have been associated with permanent AF in the case of mitochondrial DNA deletion in atria of patients [14] . We may thus hypothesize that loss of adenine nucleotides in this model of acute stretch-induced AF participates in perpetuating AF. We also observed a loss of ATP and adenine nucleotides compounds without increase in adenosine, inosine, hypoxanthine, and xanthine in the tissue. The nucleotides ATP, ADP, AMP do not cross the cell membrane, but the nucleosides and nucleobases adenosine, inosine, and hypoxanthine diffuse across the cell wall down their concentration gradients; this phenomenon is particularly relevant in the presence of flow, and a release of these compounds has been observed in various situations of ATP degradation with a flow allowing the release of these metabolites (hypoxia, post-ischemic reperfusion [29] ). Interestingly, release of adenine nucleotide metabolites has been observed at toxic concentrations of glycosides and also when fibrillation was elicited electrically in normal hearts [30] , and the decrease in myocardial ATP observed in glycoside-intoxicated heart preparation has been suggested to be partly due to the loss of nucleotide precursors. Similarly, the changes observed here could be partly due to the loss of nucleotide precursors. Concomitantly to ATP decrease, phosphocreatine levels were increased. This may be explained by alteration of the PCr/Cr ratio toward increased PCr [31] due to elevated Pi associated to the loss of adenine nucleotides [31, 32] as was also observed during post-ischemic reperfusion [31] . Alternatively, as reported by Mihm et al. in atria of patients with AF [13] , increased phosphocreatine and lower adenine nucleotide levels could be caused by altered energetics at the site of utilization of ATP, i.e., at the myofibrillar level where a selective impairment of myofibrillar creatine kinase activity can occur. An increased activity of adenylate kinase could also explain at least partly these data. However, the measurement of adenylate kinase and creatine kinase activities was not performed thus not allowing final conclusions. Changes in creatine content could also play a role. Creatine content was not measured in the present experiments however; as PCr was increasing we do not expect a decrease in total creatine. F 0 F 1 -ATPase and Na,K-ATPase activity F 0 F 1 -ATPase and Na,K-ATPase are likely to be modulated by AF, as they are tightly related to energetic metabolism and ionic gradients. Besides, direct and indirect evidence suggest that the activity of these two pumps might have been modified in our model. First, Barbey et al. have shown an increased activity of F 0 F 1 -ATPase but in absence of any change in Na,K-ATPase activity [7] . On the other hand, the work by Songu-Mize et al. [33] has shown increased Na pump activity by short-term cyclic stretch in aortic smooth muscle cells. A tendency toward increased Na,K-ATPase activity was observed in the stretch group but did not reach the level of significance; however, we cannot exclude a lack of power of our experiment. Conversely, we did not observe any significant modification in the activity in the AF group. Similarly to the results of the present study for sarcolemmal and mitochondrial ATPases, the sarcoplasmic Ca 2+ -pump was found unaltered [34] ; AF sequence did not change the protein and mRNA levels of this membrane function, although an impaired Ca 2+ homeostasis is supposed to contribute to initiation and perpetuation of AF. However, El-Armouche et al. [35] recently provide convincing evidence that AF is associated to activation of cellular regulatory proteins (i.e., kinases and phosphatases activity with increased PP1 and PP2A) resulting in impaired phosphorylation of MyBP-C but hyperphosphorylation of phospholamban. This phenomenon resulted in myosin as well as sarcolemmal and sarcoplasmic membrane regulations that could be associated to the modifications of energy metabolism shown in the present study. Similarly Na,K-ATPase and mitochondrial ATPase could be modulated by these phosphatase and kinase regulations as well as other signal transduction during AF [36, 37] .
Conclusions
In this experimental model of acute stretch-related AF, data show modifications in energetic metabolites different from findings previously reported in the literature with AF models in which no controlled elevation of intra-atrial pressure was achieved. These results provide a new insight for the understanding of initiation and maintenance of AF when intra-atrial pressure is acutely increased during acute pulmonary embolism [38] . Lower adenine nucleotides levels together with the absence of a decrease in PCr and in F 0 F 1 -ATPase activity exclude the occurrence of ischemia in this experimental model and rather document a state of impaired energy utilization. Such metabolic changes may play a pivotal role in the perpetuation of stretch-related AF, as they are tightly related to calcium handling which is known to play a key-role in AF perpetuation [39, 40] ; calcium handling is ATP-dependent and alterations in calcium homeostasis may lead to impaired ATP synthesis [41] . Putatively, an alternative mechanisms related to changes in gene expression [42] consequent to atrial mechanical stretch and yielding variations in the level of mitochondrial enzymes could have impaired ATP synthesis in our model. In this regard, it has been shown that mitochondrial DNA deletion in human atria is associated with AF [14] . However, testing this hypothesis, as well as the detailed molecular mechanisms of the energetic changes presented here and also the extent to which this energetic status would be similar after chronic stretch, will require different experimental models and further studies. Importantly, our observations only relate to our specific experimental model and may not be extrapolated to AF in patients.
